Although numerous fluorescent probes are designed to detect the pH value in the past decades, developing fluorescent probes for extreme alkalinity (pH > 14) detection in aqueous solution is still a great challenge. In this work, we utilized 1H-imidazo[4,5-f][1, 10] phenanthroline (IP) group as the recognition group of hydroxyl ion and introduced two triethylene glycol monomethyl ether groups to improve its solubility. This IP derivative, BMIP, possessed good solubility (25 mg/mL) in water. It displayed high selectivity toward extreme alkalinity (pH > 14) over other ions and pH (from extreme acidity to pH = 14). From 3 to 6 mol/L OHˉ, the exact concentration of OHˉcould be revealed by BMIP and the whole detection process just needed a short time (≤ 10 s). Meanwhile, it exhibited good anti-interference ability and repeatability during the detection process. Through optical spectra and NMR analysis, its detection mechanism was proved to be deprotonation by hydroxyl ion and then aggregation-induced enhanced emission. Our study presents a new basic group based on which researchers can develop new fluorescent probes that can detect extreme alkalinity (pH > 14) in aqueous solution.
Introduction
For a paper-making industry, nuclear fuel reprocessing, waste and waste water treatment, leatherworking, metal mining, and microbial production process, extreme alkaline (pH > 14) condition is necessary [1] [2] [3] . To ensure the pH value at extreme alkaline region, monitoring the pH value of these processes is essential. In the past decades, researchers have developed many methods to detect the pH value, such as pH test paper and pH electrode [4] [5] [6] [7] [8] [9] . However, common detection methods are not suitable for extreme alkalinity (pH > 14) . At extreme alkaline region (pH > 14) , the pH test paper shows a dark blue color irrespective of the hydroxide concentration and the pH electrode cannot give correct values. To solve this problem, researchers introduced fluorescent probes and this method had been proved to be feasible [10] . But overall, most of fluorescent probes were designed to detect weak acidity or alkalinity whose pH values were between 2 and 13, while little attention was paid to fluorescent probes in low (pH < 2) or high pH (pH > 13) regions [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . For this reason, the performance of present fluorescent probes cannot meet the requirement of the above production processes. Therefore, developing fluorescent probes which can detect extreme alkalinity (pH > 14) effectively is eager.
In extreme alkalinity detection filed, Thakur [10] , Khalil [24] , Xue [25] [26] [27] , and Sadik [28] carried out pioneering and excellent work. At present, several fluorescent probes which can detect extreme alkalinity (pH > 14) have been reported [8, [22] [23] [24] [25] [26] . However, studies in this filed are still in the initial stage and many problems exist, such as (1) fluorescent probes which can detect pH > 14 are rare, (2) most of these fluorescent probes need organic solvents to assist their detections and few fluorescent probes can detect extreme alkalinity in pure water [22, 24, 25] , and (3) for many fluorescent probes, the principle of sensing extreme alkalinity is measuring their absorbance changes and this brings about low sensitivity [22, 23, 26] . To improve the above situation, designing fluorescent probes with high sensitivity and the ability to detect pH > 14 in aqueous solution is necessary.
1H-imidazo [4,5-f ] [1, 10] phenanthroline (IP), a rigid planar group, possesses high charge transporting ability and good fluorescent properties. Therefore, its derivatives were widely used in organic light-emitting diodes, organic thin-film transistors, and many other fields [29, 30] . Compared to these applications, its application for extreme alkalinity (pH > 14) detection has never been reported. However, this group has the potential of acting as a good probe for detecting extreme alkalinity (pH > 14) because of the following reasons: (1) it has NH group which can react with hydroxyl ion, and therefore, it can be used as the recognition group of hydroxyl ion; (2) its good fluorescent property can endow the probe with high sensitivity; (3) compared with common organic aromatic groups which almost have no solubility in water, IP group has weak solubility in water which is favorable for designing water-soluble fluorescent probes further. Because of these advantages, from IP group, it was possible to develop new water-soluble fluorescent probes with high sensitivity for extreme alkalinity detection. These new probes can solve the above problems which exist in previous probes. This is eager for this field.
Hence, in this work, we utilized the IP group to design fluorescent probe for the detection of extreme alkalinity (pH > 14). We introduced two triethylene glycol monomethyl ether groups to improve the solubility of this probe and obtained an IP derivative, BMIP (Fig. 1) . The preparation and solubility of BMIP were studied. Its selectivities and detectabilities for extreme alkalinity (pH > 14) were carefully examined. In addition, we also studied its detection mechanism through optical spectra and NMR spectrum.
Results and Discussion
Syntheses, Solubility, and Detection Concentration of BMIP After three steps, BMIP was obtained from triethylene glycol monomethyl ether and 1,10-phenanthroline-5,6-dione (Scheme 1). The crude product was further purified by extraction and column chromatography to obtain a light-red gelatinous sample. BMIP exhibited excellent solubility in organic solvents and water. In water, its solubility was as high as 25 mg/mL which meant it could work well in pure water.
To determine the most suitable concentration for detections, we prepared aqueous solutions of BMIP with different concentrations (2 × 10 −5 , 2 × 10 −4 , 2 × 10 −3 , 4 × 10 −3 mol/L) first. Then, sodium hydroxide (NaOH) solution (6 mol/L, 2 mL) was added to these solutions (2 mL), respectively. After that, the absorption and fluorescence spectra of these mixtures were studied. Results were shown in Additional file 1: Figures S1, S2, and S3. For BMIP, at the concentration of 10 −5 mol/L, its response to extreme alkalinity was weak (Additional file 1: Figure S1 ). At the concentration of 10 −4 and 2 × 10
mol/L, its response to extreme alkalinity was good but its response sensitivity for different alkalinities could not meet the requirement of detections (Additional file 1: Figure S1 ). Finally, 10 −3 mol/L (1 mmol/L) was determined to be the best concentration of BMIP for detection because the response sensitivity was good at this concentration. But at this concentration (1 mmol/L), the absorption intensities of those solutions below exceeded the measuring range of equipment (we tried four absorption spectrophotometers and the results were the same). Because of the limit of measuring equipment, it was regretful that the changes of absorption spectra during those experiments below were not clear (Additional file 1: Figure S2 , S5, S8, and S14).
Ion Selectivities and Anti-Interference Ability
For a good fluorescent probe, it should have high selectivity toward specific ions over other competitive ions. To investigate the selectivity of BMIP, we added different salts (CoCl 2 , CrCl 3 , CuCl 2 , MnCl 2 , NiCl 2 , KCl, LiCl, Na 2 SO 4 , Al (NO 3 ) 3 , Pb (NO 3 ) 2 , CH 3 COOH, NaH 2 PO 4 , NaHCO 3 , NaHSO 4 , NaNO 2 , NaNO 3 , NaClO 4 , NaBr, NH 4 F, KI, CH 3 COONH 4 , NaOH, respectively) to the aqueous solutions of BMIP and then studied the changes of its color and fluorescence ( Fig. 2 and Additional file 1: Figure S4 ).
When NaOH was added and the pH value of BMIP solution was higher than 14 (pH > 14), the BMIP solution changed immediately from almost colorless to orange-yellow (Additional file 1: Figure S4 ), and its fluorescence altered from non-luminous to intensively yellow (525 nm) (Fig. 2a) did not bring about obvious fluorescence changes for BMIP solution (Fig. 2b, c) . Compared to extreme alkalinity (pH > 14), the slight changes of fluorescence intensities caused by some competitive ions could be ignored (Fig. 2c) . Therefore, BMIP exhibited high selectivity toward extreme alkalinity (pH > 14) over other ions.
To investigate the anti-interference ability of BMIP, several salts (KCl, Na 2 SO 4 , NaNO 2 , NaNO 3 , NaClO 4 , NaBr, and KI) were added to the mixed solution of BMIP and NaOH. Then, the changes of its fluorescence were studied (Fig. 2d) . After the addition of these salts, the fluorescence of the mixed solution almost had no changes except for a slight decrease of fluorescence intensity (Fig. 2d) . This indicated that BMIP had good anti-interference ability during the detection process of extreme alkalinity.
Response to Different pH
The above experiments demonstrated that BMIP had high selectivity toward special pH range (pH > 14 and then studied the color and fluorescence of these solutions ( Fig. 3 and Additional file 1: Figure S7 ).
When the pH value of BMIP solution was below 14 (from 10 mol/L H + to 13.90), the fluorescence had no change and Scheme 1 Synthetic procedures and structures of compounds the solutions exhibited non-luminous (Fig. 3 ). When the pH value of BMIP solution increased to extreme alkalinity (3 mol/L OHˉ), the solution exhibited intensively yellow fluorescence and the fluorescence intensity was almost 1000 times higher than those of other solutions (pH < 14) (Fig. 3) . Therefore, for different pH values, BMIP only exhibited a strong response to extreme alkalinity (pH > 14) and had no fluorescent response to other pH values.
Extreme Alkalinity Detection and Repeatability
Good fluorescent probes should be able to reveal the exact concentration of detected objects. This means there is a mathematical curve relationship between the fluorescence intensity and the concentration of detected objects. To obtain such a mathematical curve, we pre- Figures S10, S11, S12, and S13). From 1 to 1.5 mol/L, the color of BMIP solutions had a slight change but their fluorescence almost did not alter (Fig. 4a , Additional file 1: Figures S10, S11, and S12). At the concentration of 2 mol/L, the color and fluorescence of BMIP solution showed a sudden big change. At this concentration, yellow precipitate appeared and the color of BMIP solution altered from almost colorless to orange-yellow (Additional file 1: Figure S10 ). Meanwhile, the fluorescence changed from non-luminous to intensively yellow (525 nm) and the fluorescence intensity was almost 200 times higher than that of BMIP solution (pH = 7) ( Fig. 4a and Additional file 1: Figure S11 ). From 2 to 6 mol/L, the yellow precipitate gradually increased and the fluorescence was gradually enhanced (Fig. 4a and Additional file 1: Figure  S13 ). From 6 to 8.5 mol/L, the precipitate did not increase and the fluorescence intensity retained a stable level SO 4 2ˉ, and OHˉ, respectively) (3 mol/L) in water (I OHˉr epresents the fluorescence intensity of BMIP solution after the addition of OHˉ(3 mol/L), I represents the fluorescence intensities of BMIP solution before and after the additions of other ions). d The PL spectra of aqueous solutions (1 mmol/L) of BMIP at different conditions (black line, BMIP solution without any additives; red line, BMIP solution after adding NaOH (3 mol/L); blue line, BMIP solution after adding NaOH, KCl, Na 2 SO 4 , NaNO 2 , NaNO 3 , NaClO 4 , NaBr, and KI (3 mol/L)) (Additional file 1: Figures S12 and S13). From 9 to 15 mol/L, the amount of precipitate did not change but the precipitate was uniformly dispersed in the solution. This lowered the fluorescence intensity (Additional file 1: Figures S12 and S13).
The whole mathematical curve about the relationship between the fluorescence intensity and the concentration of OHˉwas shown in Additional file 1: Figure S13 . In this curve, we discovered that from 3 to 6 mol/L, the plot of fluorescence intensity vs the concentration of OHˉshowed good linearity (R = 0.99602) (Fig. 4b) . Different concentrations of OHˉwere corresponding to different fluorescence intensities. This meant BMIP could reveal the concentration of OHˉin this range (3-6 mol/L) through measuring the fluorescence intensity (Fig. 4a, b) .
To test the detection time of BMIP toward OHˉ, we measured the PL spectra of aqueous solution (3 mol/L OHˉ) of BMIP (1 mmol/L) at different times (10 s, 46 s, 83 s, 116 s, 147 s, 179 s, 211 s, 240 s, 275 s, 307 s, 337 s, 369 s, respectively). From 10 to 369 s, the PL spectra were almost the same except for a slight change of fluorescence intensity (Fig. 4c) . This result revealed that BMIP could detect OHˉ(3-6 mol/L) in a short time (≤ 10 s).
To investigate the detection repeatablity of BMIP toward OHˉ, the fluorescence of four different BMIP solution (1 mmol/L) were studied (Fig. 4d) . These four solutions (final volume: 3 mL) were as follows: (a) BMIP solution (b) BMIP solution after adding NaOH (3 mol/ L), (c) BMIP solution after adding NaOH (3 mol/L) and then the solution pH became neutral by adding sulfuric acid, and (d) BMIP solution after adding NaOH (3 mol/ L), then the solution pH became neutral by adding sulfuric acid and finally adding NaOH (3 mol/L) again. When OHˉwas added, the fluorescence of BMIP solution was dramatically enhanced (Fig. 4d) . After OHr eacted with sulfuric acid and the solution pH became neutral, the solution exhibited non-luminous again (Fig. 4d) . Finally, when OHˉwas added again, the same yellow fluorescence appeared subsequently (Fig. 4d) . These results indicated that BMIP possessed good repeatablity for detecting extreme alkalinity. Table 1 compares previous publications and this work about the detection of extreme alkalinity (pH > 14). It can be seen that compared with previous probes, BMIP possesses series of obvious improvements: good water solubility which makes it work well in pure water without any assistance of organic solvents, high sensitivity because of its fluorescent response method, fast response time (≤ 10 s), high selectivity, good anti-interference ability and repeatability, and quantitative detection ability. As we know, the performance of BMIP is best during those probes for extreme alkalinity (pH > 14) detection.
Detection Mechanism
Fluorescence transformation between extreme alkaline and natural condition in repeatability experiments indicated that when OHˉwas added, deprotonation might happen and when OHˉwas treated by H + , BMIP could recover. To investigate whether deprotonation happened, we measured the 1 H NMR spectrum of BMIP before and after the addition of NaOH (excessive) (Fig. 5) . In D 2 O, after the addition of NaOH, the signals of BMIP disappeared, which revealed the generation of new product (Fig. 5a, b) . Then, D 2 O was replaced by DMSO-d 6 to dissolve the precipitate that existed in D 2 O. Obviously, the signal of NH in BMIP disappeared and other signals almost had no changes except for a slight shift of peak position (Fig. 5c, d) . Results of repeatability experiments and NMR spectrum revealed that after the addition of OHˉ, deprotonation happened and deprotonated product, BMIPˉ, generated (Fig. 1) .
From absorption spectra of BMIP solution at different pH (from 10 mol/L H + to 15 mol/L OHˉ), it could be seen that when the solution pH was higher than 12.26 (pH ≥ 12.26), deprotonation had happened and a new absorption band around 385 nm appeared (Additional file 1: Figures  S3, S8 , and S14). This meant BMIPˉhad generated at pH ≥ 12.26. However, from 12.26 to 1.5 mol/L OHˉ, BMIPˉdissolved in water and no obvious fluorescence was observed. At the concentration of 2 mol/L, BMIPp recipitated (yellow precipitate) and intensively yellow fluorescence appeared. From 2 to 6 mol/L, with the increase of the concentration of NaOH, the solubility of BMIPˉin the solution decreased and BMIPˉgradually precipitated from the aqueous solution (Additional file 1: Figure S10 ). With the increase of BMIPˉprecipitate, the aggregation of BMIPˉwas gradually enhanced and the fluorescence intensity gradually increased (Fig. 4a, b , Additional file 1: Figures S11, S12, and S13). This was a typical phenomenon of aggregation-induced enhanced emission (AIE). After all of BMIPˉprecipitated from the aqueous solution, the fluorescence intensity would retain a stable level (from 6 to 8.5 mol/L OHˉ) (Additional file 1: Figures  S12 and S13) . However, when the concentration of NaOH was too high, the high viscosity of aqueous solution would prevent the aggregation of BMIPˉand then lower the fluorescence intensity (9-15 mol/L OHˉ) (Additional file 1: Figures S12 and S13) . These results demonstrated that the variation of fluorescence intensity came from the variation of aggregation degree of BMIPˉand aggregation-induced enhanced emission was one of the detection mechanisms of BMIP toward extreme alkalinity (pH > 14).
To further verify the AIE mechanism, BMIP solution (1 mmol/L, 2 mL) with NaOH (3 mol/L) was prepared first, and then, NaOH solution (3 mol/L) was gradually added (0.1 mL every time). During this process, the fluorescence changes of this solution were studied (Fig. 6) . With the increase of NaOH solution, some yellow precipitate dissolved and the other precipitate dispersed. Meanwhile, the fluorescence intensity gradually decreased (Fig. 6 ). This result demonstrated that AIE was one of the detection mechanisms again.
Through the above experiments, the detection mechanism was proved to be deprotonation by hydroxyl ion and then aggregation-induced enhanced emission.
Conclusion
In summary, our study presented a new recognition group for extreme alkalinity (pH > 14) and a universal group which could greatly improve the water solubility of organic probes. Based on these two groups, a phenanthroline derivative, BMIP, was designed and synthesized. It showed good solubility (25 mg/mL) in water which made it have the ability to work in pure water. In 25 kinds of ions, it exhibited high selectivity toward extreme alkalinity (pH > 14) over other ions. From extreme acidity to extreme alkalinity, it only exhibited a strong response to extreme alkalinity (pH > 14) and had no fluorescent response to other pH values. Meanwhile, during the detection process, it displayed good antiinterference ability and repeatability. From 3 to 6 mol/L OHˉ, the plot of fluorescence intensity vs the concentration of OHˉshowed good linearity (R = 0.99602) and the concentration of OHˉcould be revealed through measuring the fluorescence intensity. This detection process just needed a short time (≤ 10 s). Finally, its detection mechanism was proved to be deprotonation by hydroxyl ion and then aggregation-induced enhanced emission.
Methods/Experimental
General Information 1 H and 13 C NMR spectra were measured on a Bruker Avance 400 spectrometer with tetramethylsilane as the internal standard. LC-MS data were recorded with a Shimadzu LCMS-2020. The emission spectra were recorded by a Shimadzu RF-5301 PC spectrometer. All the reagents were commercially available and were directly used as received unless otherwise stated. All reactions were carried out using Schlenk techniques under a nitrogen atmosphere. All of the detection processes were carried out under ambient conditions in pure water.
Synthesis of BMIP
Synthesis of 2-(2-(2-methoxyethoxy)ethoxy) ethyl 4-methylbenzenesulfonate (TEG-OTs): To a three-neck round-bottom flask, triethyleneglycol monomethyl ether (8 g, 48.6 mmol) and tetrahydrofuran (THF) (15 mL) were added. Then, a solution of NaOH (1.61 g, 0.0414 mol) dissolved in water (15 mL) was added under vigorous stirring. After the mixture was cooled to 0°C, a solution of tosyl chloride (5.57 g, 0.0292 mol) in THF (15 mL) was dropped slowly. Then, the temperature was raised to room temperature. After 2 h, the mixture was extracted with dichloromethane and the organic layers were washed with an aqueous solution of NaOH (1 M). The organic solvent was removed by rotary evaporation, and the crude product was purified by column chromatography which used dichloromethane first and then dichloromethane/methanol (20:1 v/ v) as the eluents. The pure product was a colorless liquid. Yield: 86%. + (calcd: 318.11). Synthesis of 3,4-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) benzaldehyde (2TEG-Bd): To a two-neck round-bottom flask, 3,4-dihydroxybenzaldehyde (276 mg, 2 mmol), TEGOTs (1590 mg, 5 mmol), dry potassium carbonate (1382 mg, 10 mmol), and dry acetonitrile (80 mL) were added. Then, the mixture was refluxed under nitrogen atmosphere for 20 h. After the mixture was cooled to room temperature, acetonitrile was removed by rotary evaporation and the solid was dissolved in water. The solution was extracted with dichloromethane for three times (50 mL × 3), and dichloromethane was removed by rotary evaporation successively. The crude product was purified by column chromatography which used ethyl acetate first and then ethyl acetate/methanol (20:1 v/v) as the eluents. The pure product was a light-yellow liquid. Yield: 91%. 68 g, 8 mmol) , 2TEG-Bd (4.128 g, 9.6 mmol), ammonium acetate (2.46 g, 32 mmol), and acetic acid (100 mL) were added. The mixture was refluxed under nitrogen atmosphere for 6 h. After the mixture was cooled to room temperature, the solvent was removed by rotary evaporation and the solid was dissolved in water. The solution was extracted with dichloromethane for three times (80 mL × 3), and dichloromethane was removed by rotary evaporation successively. The crude product was purified by column chromatography which used ethyl acetate first, ethyl acetate/methanol (10:1 
Ion Selectivities
The aqueous solution of BMIP (2 mmol/L) was prepared in a volumetric flask (250 mL). Then, to a BMIP solution (1.5 mL), one of different salts (CoCl 2 , CrCl 3 , CuCl 2 , MnCl 2 , NiCl 2 , KCl, LiCl, Na 2 SO 4 , Al (NO 3 ) 3 , Pb (NO 3 ) 2 , CH 3 COOH, NaH 2 PO 4 , NaHCO 3 , NaHSO 4 , NaNO 2 , NaNO 3 , NaClO 4 , NaBr, NH 4 F, KI, CH 3 COONH 4 , and NaOH) (the final concentration of salts was 3 mol/L) was added and the solution volume was adjusted to be 3 mL, respectively. Finally, the absorption and fluorescence spectra of these mixtures were studied.
Anti-Interference Experiment
The aqueous solution of BMIP (2 mmol/L) was prepared in a volumetric flask (250 mL). Then, to a BMIP solution (1.5 mL), different salts (NaOH, KCl, Na 2 SO 4 , NaNO 2 , NaNO 3 , NaClO 4 , NaBr, and KI) (the final concentration of each salt was 3 mol/L) were added and the solution volume was adjusted to be 3 mL. This mixture was named S1. To another BMIP solution (1.5 mL), NaOH was added (the final concentration of NaOH was 3 mol/ L) and the solution volume was adjusted to be 3 mL. The mixture was named S2. Finally, the fluorescence spectra of these two mixtures were studied. /L OHˉ) were prepared in volumetric flasks (10 mL), respectively. Then, BMIP (6.2 mg) was added to these volumetric flasks, respectively. After BMIP dissolved in these solutions, the fluorescence spectra of these mixtures were studied.
Response to Different pH

Extreme Alkalinity Detections
Aqueous solutions with different concentrations (0, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10, 10.5, 11, 11.5, 12, 12.5, 13, 13.5, 14, 14.5, 15 mol/L) of NaOH were prepared in volumetric flasks (10 mL), respectively. Then, BMIP (6.2 mg) was added to these volumetric flasks, respectively. After BMIP dissolved in these solutions and reacted with OHˉ, the absorption and fluorescence spectra of these mixtures were studied.
Repeatability
The aqueous solution of BMIP (2 mmol/L) was prepared in a volumetric flask (250 mL). Then, from this stock solution, four solutions (3 mL) were prepared: (a) BMIP solution (1 mmol/L), (b) BMIP (1 mmol/L) + NaOH (3 mol/L) solution, (c) BMIP solution (1 mmol/L) after adding NaOH (3 mol/L) and then the solution pH became neutral by adding sulfuric acid, and (d) BMIP solution (1 mmol/L) after adding NaOH (3 mol/L), then the solution pH became neutral by adding sulfuric acid and finally adding NaOH (3 mol/L) again. After these four solutions were prepared, their fluorescence spectra were studied.
AIE Property of BMIPF
irst, a solution (2 mL) with BMIP (1 mmol/L) and NaOH (3 mol/L) was prepared. Then, NaOH solution (0.1 mL each time, 3 mol/L) was gradually added to the solution. With the increase of NaOH solution, some yellow precipitate dissolved and the other precipitate dispersed. During this process, the fluorescence changes of this solution were studied.
Reproducibility of the Test Results
To verify the reproducibility of our test results, every experiment was repeated three times. The standard deviations of these tests were calculated and listed in Additional file 1: Table S1 . The test results of experiments were almost the same and the standard deviations were low. This indicated that the test results in this work showed good reproducibility.
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